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Abstract

Introduction

A peculiar textured structure was found by scanning
electron microscopic (SEM) observation on polymer
films surface-grafted with water-soluble polyacrylamide
and poly(N,N-dimethylacrylamide) after exposure to
ozone. The grafted surface became very hydrophilic and
highly lubricated when brought into contact with water,
due to hydration of the grafted surface layer. Unless
water was present, the surface did not become slippery
at all. SEM of the grafted surface revealed different
profiles, depending on the graft density as well as the
process of drying prior to the SEM observation. There
was no significant difference between the virgin and the
surface-grafted film, when air-dried under the ambient
condition. However, when the surface was freeze-dried
following immersion in water, the SEM micrograph of
surface-grafted films exhibited a textured structure,
probably due to partial aggregation of the water-soluble
graft chains to micro-domain, caused by freezing of
water in the graft layer.

When biomaterials are to be used for catheterization
in urinary, tracheal, and cardiovascular tract, or for
endoscopy, their dried surface should be provided with
good handling characteristics and is further desired to
become slippery upon contact with aqueous body liquids
to prevent mechanical injury to mucous membranes and
lessen pain of patients [18]. For this purpose, lubricants
and jelly-like materials have been applied onto the biomaterials, but cannot maintain a highly slippery surface
for sufficiently long duration of time. Therefore, a variety of techniques have been attempted for rendering the
polymer surface frictionless for long-term use. Detailed
discussion on this subject was given by Fan [3] who
classified hydrophilic lubricious surfaces into five categories. The techniques employed for the lubricious surface preparation include hydrophilic polymer blending
[12, 24], hydrogel coating [6, 11], immobilization of hydrophilic polymeric chains onto the substrate surface [8],
and surface graft polymerization of water-soluble
monomers [2].
We have been studying surface modifications of
polymeric materials through graft polymerization after
oxidation with various methods, such as glow discharge
[16], corona discharge [7], high-energy radiation [17],
UV radiation [21], and ozone [4]. The oxidation of
polymer surfaces produce a sufficiently high concentration of polymer peroxides, which are capable of initiating graft polymerization of monomers upon decomposition. It has been found that a hydrophobic substrate
becomes very hydrophilic and slippery almost permanently when surface-grafted with water-soluble polymers
and then hydrated. The coefficient of friction, the
contact angle, and the friction drag were determined to
characterize the lubricated surfaces [22, 23].
The total frictional force between two polymeric
surfaces is somewhat complicated due to surface roughness, mechanical integrity of boundary layer, viscoelastic
energy dissipation, van der Waals interaction, and electrostatic and polar interactions between the surface molecules. In a previous paper [23], the correlation between
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Fig. 1. Optical micrographs of cross-sections of the acrylamide-grafted polyurethane films (graft density = 150 µg
cm-2); (a) virgin and (b) AAm-grafted.
the friction and the contact angle of surfaces was studied
and it was found that a very hydrophobic surface interacts only weakly with the opposing surface, regardless
of the presence of water, whereas a quite hydrophilic
surface practically cannot attract the opposing surface if
water is present.
In the course of studies on the lubricious surfaces
modified by graft polymeriz.ation, we accidentally found
that the surface structure observed by scanning electron
microscopy (SEM) depended on the process of sample
preparation for SEM. For instance, a peculiar textured
structure was observed when the hydrated, grafted
surface was subjected to freeze-drying for SEM sample
preparation. The present study represents the result,
focusing on the surface morphology observed by SEM.

ozone concentration of approximately 0.2 vol% in oxygen. Following ozone exposure for 1 minute, the polyurethane film was placed in the aqueous solution of
monomer in the presence of 10-2 M Mohr's salt and kept
at 35 °C for 1 hour, after degassing to effect redox graft
polymeriz.ation. The grafted films with different graft
densities were prepared by varying monomer concentration from 0.4 to 2.8 M. Grafting onto the PET film
was carried out with the photo-induced polymeriz.ation
as described elsewhere [19], since surface graft polymeriz.ation onto the PET film was difficult with the ozonize
method. The grafted films were washed with running
tap water and then immersed in distilled water at 70 °C
for 12 hours under continuous stirring to remove the
homopolymer as thoroughly as possible. Although the
AAm polymer could be successfully determined quantitatively by the ninhydrin method [16], we could not find
any effective analytical means to determine the DMAA
polymer with high accuracy. However, gravimetry
could be applied to the films, when the surface area was
larger than 5 x 5 cm2 and the weight of polyurethane
was about 0.3 g. The detection limit was about 20 µg
cm2 .

Experimental
Materials
Polyurethane film of 0.1 mm thickness was prepared
by casting 5 wt% tetrahydrofuran solution of a commercial polyetherurethane (Pellethanej on a cleaned glass
plate. Poly(ethylene terephthalate)(PET) film used for
comparison was of commercial grade having thickness
around 50 µm. The films were purified by Soxhlet extraction with methanol for 24 hours. Acrylamide (AAm)
and N ,N-dimethylacrylamide (DMAA) monomers to be
used for graft polymeriz.ation were purified by recrystalliz.ation and distillation, respectively, before use.

Surface Analysis
X-ray photoelectron spectroscopy (XPS) and
Fourier-transform infrared spectroscopy coupled with
attenuated total reflection (ATR FT-IR) of the surfacegrafted films were measured with ESCA 750 and FTIR8100 manufactured by Shimadzu Inc., Kyoto, Japan, respectively. For the ATR FT-IR measurement, the film
sample was placed on the ATR crystal (KRS-5) under
pressure. The C 18 peak for hydrocarbon (285.0 eV) was
chosen for the standardiz.ation of the XPS evaluation.
The coefficient of friction(µ) of the film surface was

Graft Polymerization
Graft polymeriz.ation was performed with an ozone
method which will be described in detail elsewhere.
Briefly, ozone was generated from oxygen by an ozonizer (0-1-2 type, Nippon Ozone Inc., Tokyo) at an
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surface with platinum by evaporation. Drying of the
hydrated film was performed either at room temperature
and atmospheric pressure in air (ambient condition) or
after freeze-drying at 77 K. No special care was taken
during freeze-drying to avoid contamination, for
instance, with hydrocarbon from the rotary pump.

Results

Surface Grafting
Fig. 1 shows the optical microscopic photograph of
the cross-section of an AAm-grafted polyurethane film
after staining the AAm polymer with Skyblue 6B. As
the surface of polyurethane film is readily oxidized by
ozone under formation of polymer peroxides [4J, a high
density of polymer chains can be readily grafted onto the
oxidized polyurethane surface, compared to other polymeric materials. The AAm polymer grafted onto the
polyurethane film shown in Fig. 1 amounts to 150 µg
cm-2 . As can be seen, the graft layer is localized at the
surface region with the thickness of several µm. To
study the chemical structure of the graft layer, XPS and
ATR FT-IR spectroscopy were conducted for the surface
grafted polyurethane film. Fig. 2 shows examples of
XPS measurement on e 1s level. The peaks at 285.0,
288.0, and 289.5 eV are assigned to e 1s of -eH2 CHr,
-CONH-, and -OeONH-, respectively. The starting
polyurethane film has -CH 2 CH 2 -, -OeONH-, and
-OeHr which probably appear at 286.0 eV, while the
AAm homopolymer has only -eH2 eHr and -eONH-.
It is seen that the -eONH- peak greatly increases with
an increase in graft density, in contrast to -OeHr. If
XPS analyzes practically only the surface region within
about 5 nm from the outermost surface [5], it follows
that the graft layer does not consist of P AAm chains
alone even within 5 nm. In other words, as graft polymeriz.ation proceeds further, a small fraction of polyurethane chains will be incorporated from the bulk phase
into the graft layer. A similar result was observed for
PET film graft-polymerized with AAm [20].
ATR FT-IR spectra were measured for the DMAAgrafted polyurethane film. The DMAA monomer was
more easily graft polymerized than the AAm monomer
which was difficult to get a graft density larger than 50
µg cm-2 . The integrated relative intensity ratio based on
the differential spectra of carbonyl between the virgin
and the DMAA-grafted film from 1732 to 1566 cm- 1,
assigned to the grafted DMAA polymer chain, was plotted against the graft density in Fig. 3, together with the
observed optical density at 615 nm. The grafted films
were stained with Skyblue 6B prior to the measurement
of the optical density. As can be seen from Fig. 3, the
intensity ratio increases with the increasing graft density,
at least in its lower range. The saturation seen at the
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Fig. 2. e 1s XPS spectra of virgin polyurethane film (a),
acrylamide homopolymer (e), and acrylamide-grafted
polyurethane films (b-d); graft density (µg cm-2): b, 8;
c, 14; d, 26.
measured against a cleaned glass plate in water using an
apparatus described elsewhere [23]. Briefly, a slider of
1.0 x 1.5 cm, at the bottom of which the film was
attached, was allowed to travel horizontally on the glass
plate in distilled water. The µ value was calculated
from the slope of the plot of the average force during
traveling at a rate of 10 mm min- 1 against the load on
the slider.

Surface Observation
Optical photographs were taken after staining the
cross-section of grafted surface with Skyblue 6B, which
did not stain the hydrophobic substrate polymer but only
the grafted hydrophilic region. SEM observation of the
grafted surface was performed using a scanning electron
microscope (S-450 Hitachi, Tokyo, Japan) at magnification from 2000 to 5000X, after coating the dried film
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Fig. 4 (on the facing page, left). Scanning electron

10

micrographs of virgin polyurethane (a) and dimethyl
acrylamide-grafted polyurethane films (b and c) dried
under the ambient atmosphere; graft density (µg cm-2):
b, 50; c, 100. Bars = 5 µm.
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micrographs of dimethylacrylamide-grafted polyurethane
films freeze-dried after immersion in water; graft density
(µg cm-2 ): a, 30; b, 50; c, 100. Bars = 5 µm.

T-

"T-

0

Fig. 5 (on the facing page, right). Scanning electron

. 0.4 c

I

N
M

25

The above XPS and ATR-IR measurements on the
film surface were all done at the dried state. If the
grafted surface comes in contact with plenty of water,
the graft layer is swollen with water, resulting in
expansion of graft chains, which however, cannot dissolve into water because they are tethered to the waterinsoluble substrate through covalent bonding. Fig. 4
shows the scanning electron micrographs of the virgin
and the DMAA-grafted films with the graft density of 50
and 100 µg cm-2 . Prior to SEM observation, all the surfaces were air-dried under the ambient condition. As
can be seen, no significant difference was observed
among these three films. On the contrary, when the
grafted films were subjected to freeze-drying following
hydration by immersion in water, the SEM observations
showed a textured pattern quite different from those of
air-dried (Fig. 5). The textured structure is more clearly
observed, as the graft density increases. It is interesting
to note that the surface of grafted films was transparent
when air-dried, similar to that of virgin film, whereas
the grafted films became opaque upon freeze-drying.
However, the dried opaque surface became again transparent without any textured structure when stored in air
for a short time, about 10 minutes, unless the surface
was covered with thin metallic coating for SEM observation. As the freeze-dried surface without metal coating
was so unstable, the measurements of XPS and ATR-IR
were difficult to conduct within such a short time.
Similar topography was observed on AAm-grafted
PET films having graft densities higher than 50 µg cm-2 .
Fig. 6 shows examples of SEM micrographs of AAmgrafted PET films with the graft density of 400 µg cm- 2 ,
taken at 30° and 60° angular view.
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Fig. 3. Ratio of integrated absorbance of FT-IR spectra
from 1732 to 1566 cm- 1 and optical density at 615 nm
(OD 615 ) for dimethyl acrylamide-grafted polyurethane
films. OD 615 was measured after staining the film
surface with Skyblue 6B.
graft density larger than 50 µg cm-2 is probably because
the graft polymerization of DMAA took place so deeply
in the polyurethane substrate as the ATR FT-IR analysis
which gives information on the surface structure within
several µm. On the other hand, the OD 61 ~ value increased almost linearly up to 100 µg cm- with the
increasing graft density.

Surface Lubrication
Lubrication of the grafted polymer surface was evaluated by determining theµ value against a glass plate although it is far different from the tissue, simply because
glass plate is most commonly used to determine µ of
polymer surfaces. It is extremely hard to determine the
µ value of an ungrafted polyurethane surface against a
glass plate if water is absent, because a strong adhesive
force is operative between the film surface and the glass
plate. This is in contrast to other polymeric materials
such as polypropylene, nylon 6 and ethylene-vinyl acetate copolymers [23]. However, the µ value of AAmgrafted film was measurable even in the absence of
water and found to be 0.3, when the graft density was
higher than 10 µg cm-2 . This µ value is virtually equal
to that for polypropylene. The grafted polyurethane film
showed a remarkable decrease in friction against a glass
plate when hydrated. It was smaller than 0.05 when the
graft density exceeded 20 µg cm-2 . When touched with
fingers, the hydrated surface withµ of 0.05 gave a very
slippery feeling.

Discussion
Segmented polyurethane is a good thermoplastic
elastomer without additives such as plasticizer and chemical crosslinker. Therefore, it is employed in the medical field, for instance, for cardiovascular devices, nutrition catheters, and guidewire coating. Such biomaterials
are generally desired to have a slippery surface to allow
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Fig. 6.

Scanning electron micrographs of acrylamide-grafted poly(etbylene terephthalate) films freeze-dried after
immersion in water; graft density = 400 µ.g cm- 2 ; a, 30° view; b, 60° view. Bars = 5 µm.
depends on the graft density as well as on the
surrounding environment. The possible configurations
of graft chains on the surface may be schematically
represented as shown in Fig. 7. When a surface having
highly hydrated chains, as shown in Fig. 7a, is slowly
air-dried, all the graft chains must evenly lie down on
the surface as illustrated in Fig. 7b, exhibiting
transparency but no significant difference from the ungrafted substrate when observed by SEM. However,
when the hydrated graft chains are subjected to freezedrying, a textured structure should be formed as depicted in Fig. 7c, because partial aggregation of chains
will take place in the graft layer upon freezing of water
as the grafted chains are mobile enough although attached to the substrate surface. It is a well-known fact
that, when an aqueous solution of polymer is frozen, microscopic phase separation takes place as a result of ice
formation [14]. An addition of glycerin to water for hydration of the graft layer had no effect on the freezedried structure. Critical point drying of the hydrated
surface having densely grafted chains gave scanning
electron micrographs similar to those by freeze-drying.
Absorption of atmospheric water may allow the aggregated polymer chains to reorient, probably because the
absorbed water functions as solvent of the aggregated
chains to permit sufficient mobility for rearrangement to
a more thermodynamically stable state to occur.
Ratner and his coworkers reported that a textured
surface was seen on scanning electron micrographs of

easy insertion and reduce mechanical damage to tissues
in direct contact. However, a highly elastic polyurethane surface will interact strongly with an opposing
surface in contact under pressure, leading to significant
adhesion and displacement. As a result, complicated
hysteresis occurs in a cycle of deformation and recovery
during the frictional motion against a solid surface [l].
On the contrary, the polyurethane surface grafted with
water-soluble polymers can retain lots of water molecules on the surface for a long time. Indeed, the freezedried surface was unstable in air even at room temperature, probably because of the immediate reorientation of
grafted polymer chains through quick absorption of
water from the surrounding atmosphere. Although the
grafted surface may interact less strongly with another
solid surface than the ungrafted, it does not become slippery unless water is present, because there exists no lubricant at the interface between the two solid surfaces.
It is important to note that a lack of lubricity in a
hydrophilic polymer blend or hydrogel coating usually
results from insufficient degree of hydration and/or restricted chain mobility due to either excessive excessive
cross-linking of the hydrophilic polymer. The presence
of a sufficiently large population of mobile hydrophilic
polymeric chains on the surface is believed to be an essential element to ensure a satisfactory lubricity. As
demonstrated above, the graft layer does not consist of
pure graft chains but of chains slightly mixed with the
substrate polymer and the topography of the graft layer
26
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Fig. 7. Schematic representation of the surface structure of polyurethane film grafted with water-soluble polymers in
water (a), after air-drying (b), and after freeze-drying (c).
tionalized interfacial region of "Polyethylene Carboxylic
Acid" (PE-C0 2H) and its derivatives: Differentiation of
the functional groups into shallow and deep subsets
based on a comparison of contact angle and ATR-IR
measurements. Langmuir 3, 62-76.
6. Hudgin DE (1976) Hydrophilic or hydrogel carrier systems such as coatings, body implants, and other
articles. U.S. Patent No. 3975350.
7. Iwata H, Kishida A, Suzuki M, Hata Y, Ikada Y
(1988) Oxidation of polyethylene surface by corona discharge and the subsequent graft polymerization. J.
Polym. Sci., Polym. Chem. Ed. 26, 3309-3322.
8. Kliment CK, Seems GE (1988) Hydrophilic coating and substrate coated therewith. U.S. Patent No.
4729914.
9. Ko YC, Ratner BD, Hoffman AS (1981) Characterization of hydrophilic-hydrophobic polymeric surfaces
by contact angle measurements. J. Coll. Interface Sci.
82, 25-37.
10. Lasare S, Srinivasan R (1986) Surface properties of poly(ethylene terephthalate) films modified by
far-ultraviolet radiation at 193 nm (laser) and 185 nm
(low intensity). J. Phys. Chem. 90, 2124-2131.
11. Miller RA (1987) Surgical devices. British
Patent No. 2179258.
12. Nippon Zeon Inc. (1985) Kokessensei wo fuyoshita gaidowaiya oyobi sono seizouhoubou (Guidewire
having thrombo-resistance and its manufacturing
method). Japan Patent No. 60012069.
13. Novis Y, Pireauz JJ, Brezini A, Petit E,
Caudano R, Lutgen P, Feyder G, Lasare S (1988) Structural origin of surface morphological modifications developed on poly(ethylene terephthalate) by eximer laser
photoablation. J. Appl. Phys. 64, 365-370.
14. Peppas NA, Stauffer SR (1991) Reinforced
uncrosslinked poly(vinyl alcohol) gels produced by

low-density polyethylene films graft-copolymerized using
2-hydroxyethyl methacrylate and ethyl methacrylate by
a radiation-induced technique [9, 15]. However, the
textured structure is quite different in magnitude and
appearance from those shown in Figs. 5 and 6. They
explained the textured surface in terms of preferential
grafting to the amorphous region of polyethylene. On
the other hand, Lazare et al. showed the topography
similar to ours for the PET film subjected to
photoablation with far ultraviolet excimer laser [10, 13].
When treated with ozone or UV exposure, neither
polyurethane nor PET film exhibited any significant
difference from the non-treated, indicating no significant
erosion in the course of surface graft polymerization. It
seems likely that the textured surface seen in Figs. 5 and
6 is due to the build-up of closely lumped graft chains
formed in the graft layer in the course of freezing, if the
thickness of graft layer and the graft density are sufficiently large.
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